Drosophila.
A genetic analysis of mammalian heterochromatin and Here, we demonstrate that the Suv39h HMTases regulate H3-K9 methylation at pericentric heterochromatin. its role in epigenetic gene control and chromosome stability has been lacking. The murine Suv39h HMTases Combined disruption of both Suv39h HMTase genes severely impairs viability and induces chromosomal inare encoded by two loci, Suv39h1 and Suv39h2, which show overlapping expression profiles during emstabilities plus an increased risk of tumorigenesis. In addition, Suv39h double null male mice display combryogenesis, while in adult mice Suv39h2 is mainly expressed in testes (O'Carroll et al., 2000) . These data plete spermatogenic failure that is largely caused by nonhomologous chromosome associations. Together, suggest redundant roles for the Suv39h HMTases during embryonic development and a putative additional functhese in vivo results assign a direct role for Suv39h-dependent H3-K9 methylation at pericentric heterochrotion in the male germline. To address the functional consequence(s) of Suv39h-dependent H3-K9 methylamatin in protecting genome stability during mammalian development. tion during mammalian development, we disrupted the Figure 1B) . Protein blot analyses of testis nuclear extracts from wild-type, We examined 45 karyotypes each for two independent wt and Suv39h dn PMEF cultures. As shown in Figure  Suv39h1 -, and Suv39h2-deficient mice with ␣-Suv39h1 and ␣-Suv39h2 specific antibodies (O'Carroll et al., 2000)
2C, a major fraction of the wt karyotypes are nondiploid, with chromosome numbers ranging from 25 to 82. Aneuindicated absence of the respective proteins, demonstrating that we had generated null alleles for both genes ploidies were significantly increased in Suv39h dn karyotypes and comprised chromosome numbers from 38 to ( Figure 1C For example, we expected that random X-inactivation dn fetuses until day E12.5, whereas at later stages, of the X-linked Suv39h1 gene could increase the tumor Suv39h dn fetuses are smaller and display an increased risk in Suv39h1ϩ/Ϫ mice, even in the presence of a rate of resorptions and prenatal lethality (data not functional copy of Suv39h2, which is significantly downshown). Together, these results demonstrate that the regulated in most adult tissues (O'Carroll et al., 2000). Suv39h genes are required for normal viability, and for Examination of 99 mice either heterozygous (het) or null pre-and postnatal development.
for the Suv39h1 locus indicated an ‫%82ف‬ penetrance of tumor formation with an onset between 9 and 15 months of age (Table 1) . These tumors are B cell lymphoChromosome Missegregation in Suv39h dn Embryonic Fibroblasts mas ( Figure 3A ) which, according to FACS profiling (see Experimental Procedures), resemble slowly progressing To examine the Suv39h-dependent defects in more detail, we derived primary mouse embryonic fibroblasts non-Hodgkin lymphomas in humans (Foon and Gale, 1995). The tumor incidence for late onset B cell lympho-(PMEFs) from day E12.5 fetuses. Comparative growth curves between wild-type (wt) and Suv39h dn PMEFs mas was ‫%33ف‬ in the few viable Suv39h dn mice (n ϭ 6). By contrast, Suv39h2ϩ/Ϫ or Suv39h2Ϫ/Ϫ mice dein a 3T3 protocol over the first 20 passages indicated that Suv39h dn PMEFs displayed a higher doubling rate veloped B cell lymphomas at only Յ 5% penetrance (n ϭ 21), and we did not observe tumor formation in until passage 12 (Figure 2A) . At later passages, the Suv39h dn PMEFs appear to have a slightly reduced control wt mice (n ϭ 57). Immunohistochemistry for H3-K9 methylation with a proliferative potential which further declines upon continued cultivation. DNA profiles of passage 3 and pasnewly developed antibody (␣-4x-methH3-K9, see below) on tissue sections from wt mice indicated broad staining sage 8 wt and Suv39h dn PMEFs show that wt PMEFs appear genomically stable at passage 3, whereas in spleen and lymph nodes ( Figure 3B , left panel). The staining was somewhat reduced within germinal centers Suv39h dn PMEFs already contain cells with a greater than 4N DNA material ( Figure 2B , top panels). At passage which contain unstimulated centroblasts. Importantly, H3-K9 methylation was lost in Suv39h dn sections (data 8, wt PMEFs are largely senesced. By contrast, Suv39h dn PMEFs continue to proliferate, although many cells not shown) and was also largely absent in tumor tissues from Suv39h1Ϫ/Ϫ, Suv39h2ϩ/Ϫ (null1/het2) mice. In display tetraploid and even octaploid DNA contents (Figure 2B, lower panels) .
these tumor sections, only a few areas of methH3-K9 positive cells are present which are outgrown by larger B lymphoma cells lacking H3-K9 methylation ( Figure 3B , right panel). These results suggest that loss of H3-K9 methylation in null1/het2 and even in null1/wt2 (data not shown) mice can trigger the expansion of tumor cells. We derived primary cultures from the lymph nodes of Suv39h dn and of null1/het2 tumor mice, and analyzed the karyotypes of the B cell lymphoma cells. These tumor cells were largely hyperdiploid but also comprised some hypertetraploid karotypes ( Figure 3C ). Surprisingly, a fraction of the tumor karyotypes, examined in several independent B cell lymphomas, is characterized by nonsegregated chromosomes that remain attached through their acrocentric regions ( Figure 3D ). These "butterfly" chromosomes raise the intriguing possibility that the absence of Suv39h HMTase activities could impair the quality and function of pericentric heterochromatin by increasing aberrant interactions between metaphase chromosomes.
Absence of H3-K9 Methylation at Suv39h dn Heterochromatin
To assess directly the role of the Suv39h HMTases in histone methylation and heterochromatin organization, we developed a rabbit polyclonal antiserum (␣-4x-methH3-K9) that was raised against a "branched" peptide containing four K9-dimethylated H3 N termini (see Experimental Procedures). We reasoned that a more compacted higher-order chromatin conformation might contain an increased density of methylated nucleosomes, thereby presenting multiple H3-K9 dimethylated N termini in close proximity. As shown in Figure 4A , this antiserum indeed detects focal staining in wt PMEFs that significantly overlaps with DAPI-rich heterochromatin. In PMEFs derived from single Suv39h1-or Suv39h2-deficient mice, ‫ف‬ 75% of cells still stain positive with these ␣-4x-methH3-K9 antibodies (data not shown), whereas the staining was abolished in Suv39h dn PMEFs ( Figure  4A , top panel). Immunoblot analyses with nuclear extracts confirmed a significant reduction of 4x-methH3-K9 signals in Suv39h dn PMEFs ( Figure 4B , top panel).
We also examined mitotic chromosome spreads from PMEFs (data not shown) and from bone marrow cells with the ␣-4x-methH3-K9 antiserum. In wt spreads, pericentric heterochromatin was selectively visualized (see insets in Figure 4C ), whereas only residual staining was detected in Suv39h dn spreads.
Perturbed Patterns of Histone Tail Modifications in Suv39h dn Heterochromatin
The above results characterize the ␣-4x-methH3-K9 antibodies as a cytological marker for heterochromatin. Surprisingly, in comparative analyses with commercially available ␣-methH3-K9 antibodies that had been raised against a linear peptide presenting only one H3-K9 dimethylated N terminus, we failed to detect selective In agreement with these data, H3-K9 methylation did staining is enhanced in Suv39h dn interphase chromatin, the G2-specific concentration of phosH3-S10 at heteronot appear as significantly reduced in nuclear extracts from Suv39h dn PMEFs as when analyzed with the chromatic foci (Hendzel et al., 1997) disperses into many small dots, and a fraction of acH4-K12 becomes en-␣-4x-methH3-K9 antibodies ( Figure 4B , top panels).
We next examined the in vivo abundance and nuclear riched at heterochromatin. These data indicate that the histone tail modification pattern at pericentric heterodistribution of histone tail modifications that could be regulated by H3-K9 methylation (e.g., H3-K9 acetylation chromatin is significantly perturbed in the absence of the Suv39h HMTases. and H3-S10 phosphorylation) (Rea et al., 2000), and which also have been shown to be important for pericentric heterochromatin organization, such as H3-S10
Hypogonadism and , 1996) and TUNEL assays to characterize the Suv39h-dependent spermatogenic infertile, do not contain mature sperm (data not shown) and their testis weights are 3-to 10-fold reduced as defects further (data not shown). Mitotic proliferation of spermatogonia appeared normal, while the percentage compared to that of wt males ( Figure 5A ). Histological sections demonstrate normally developed seminiferous of preleptotene spermatocytes was increased 3-to 10-fold. In addition, between mid-and late pachytene, most tubules in wt testis. By contrast, spermatogenesis is severely impaired in Suv39h dn mice, with an apparent spermatocytes undergo apoptosis, resulting in stage V-VI tubules (see Figure 5A ) that largely lack late pachydifferentiation arrest at the transition between early to late spermatocytes, resulting in highly vacuolarized tene spermatocytes and which do not contain haploid spermatids. These results suggest that the absence of seminiferous tubules ( Figure 5A) .
We used FISH analyses with mouse major satellite Suv39h gene function induces delayed entry into meiotic prophase and triggers pronounced apoptosis of sperImpaired H3-K9 Methylation and Aneuploidies in Suv39h dn Germ Cells matocytes during the mid-to late pachytene stage.
In preparations from Suv39h dn testis spreads, 4x-methH3-K9 signals were absent in B-spermatogonia and pre-leptotene spermatocytes ( Figure 5B , bottom H3-K9 Methylation at Meiotic Heterochromatin panel). Further, we did not observe the broader chroTo investigate whether the Suv39h-dependent spermatin staining that characterizes early spermatocytes matogenic failure could be correlated with a distinct (Zyg-Sc) at the onset of meiotic prophase. The impaired impairment of meiotic heterochromatin, we analyzed H3-K9 methylation was accompanied by a dispersed testis spread preparations and cryosections (data not distribution of phosH3-S10 and partial delocalization of shown) with the ␣-4x-methH3-K9 antibodies. In wt prep-HP1␥ in the majority of B-spermatogonia (data not arations, these antibodies decorate heterochromatic shown), whereas HP1␤ was largely undetectable in both foci in spermatogonia (B-Sg) and in preleptotene sperwt and Suv39h dn B-spermatogonia. matocytes (preL-Sc) ( Figure 5B, top panel) . In early meiSurprisingly, from mid-pachytene onward, we obotic prophase (Zyg-Sc) and early pachytene, the served wild-type staining for 4x-methH3-K9 at pericenmethH3-K9 staining extended beyond heterochromatin tric heterochromatin ( Figure 5B, bottom panel) . HP1␤ into other chromatin regions. From mid-pachytene and HP1␥ localization and phosH3-S10 signals at authrough diplotene and in diakinesis, the methH3-K9 tosomes occurred normally in Suv39h dn late spermatostaining was restricted to heterochromatic clusters cytes (data not shown). Thus, these results demonstrate which condense into one block of heterochromatin in that the Suv39h HMTases selectively regulate H3-K9 elongating spermatids ( Figure 5B, top panels) . We did methylation in B-spermatogonia and at the very early not detect 4x-methH3-K9 signals in elongated spermastages of meiotic prophase. Similar to the analysis with tids and mature spermatozoa, in which histones are PMEFs (see above), we observed an ‫-5ف‬fold increased replaced by protamines. The authenticity of this staining rate for missegregation of complete chromosome sets pattern had been confirmed in colocalization analyses in Suv39h dn spermatogonia that results in tetraploid with antibodies that recognize the synaptonemal comspermatocytes (see Figure 6C, Figure 5B ) were detected at comparable levels of the synaptonemal complex (SC) (Figures 6A and 6B) . in wt and mutant pachytene spermatocytes, Suv39h dn Intriguingly, in ‫%51ف‬ (n ϭ 90) of Suv39h dn spermatosex chromosomes remain more heavily methylated in cytes, we observed nonhomologous interactions bediplotene and diakinesis. Second, at diakinesis/M-I, the tween autosomes ( Figure 6J ). Nonhomologous interacproximal region of the long arm of the Y chromosome tions were even more frequent ‫)%53ف(‬ between sex appears hypo-condensed in 10% of Suv39h dn cells chromosomes and autosomes (X/Y-A). These illegiti-( Figures 7B and 7C) . Moreover, the mutant Y chromomate associations occurred predominantly between the somes display premature separation of their arms (see acrocentric ends (cen-cen) of nonhomologous chromoinset in Figure 7B ) or even complete separation of the somes, to a lesser extent between centromeres and two sister chromatids. Third, from pachytene onward, telomeres (cen-tel) and only very rarely between telo-H3-K9 methylation is present at the PAR (double arrows meres (tel-tel) ( Figure 6J ). In addition, Suv39h dn sperin Figure 5B ) in both wt and Suv39h dn sex chromomatocytes contained unsynapsed sex chromosomes somes, and the PAR is also decorated with HP1␤ (data (see below) and autosomal bivalents that were delayed not shown) (Turner et al., 2001 ). Despite these similar in synapsis. Delayed synapsis of autosomes (A-del) alstaining patterns, the sex chromosomes failed to synmost invariably correlated with nonhomologous associapse in ‫%51ف‬ of Suv39h dn pachytene spermatocytes ations ( Figure 6A ), suggesting that these processes are ( Figures 6A and 6B) . At diakinesis/M-I, the presence of functionally related.
XY univalents was elevated 4-fold as compared to wt The illegitimate associations were further confirmed cells ( Figure 7D ). Consistent with this increased univaby transmission electron microscopy ( Figures 6D-6G) .
lency of the sex chromosomes, Suv39h null1/het2 males These ultrastructural analyses revealed physical congive rise to offspring that occasionally contain XO fenections and bridge-like structures between the ends of males ‫%6ف(‬ of informative progeny; n ϭ 167) and even nonhomologous chromosomes (double arrow in Figures one XXY male in which the distal part of the Y chromo-6D and 6F). We also observed the incidence of partner somes was deleted ( Figure 7E ). Together, these data exchange ( Figure 6G ) and nonhomologous alignments indicate a role for the Suv39h HMTases in coregulating (data not shown). None of these aberrant chromosomal the specialized chromatin structure of the sex chromointeractions were detected in EM preparations from wt somes, in particular of the highly heterochromatic Y spermatocytes (data not shown).
chromosome.
Discussion Bivalent Missegregation at Meiosis I in Suv39h dn Spermatocytes
Heterochromatin was first described more than 70 years To investigate whether the absence of H3-K9 methylaago (Heitz, 1928) . Because of its stable appearance in tion in early prophase affects chromosome dynamics the cell nucleus, it has been proposed to serve crucial and segregation during the meiotic divisions, we next functions for the inheritance of cell type identities and analyzed testis spread preparations for diakinesis/metathe fidelity of chromosome segregation during mitosis phase I (M-I) and metaphase II (M-II) cells. At diakinesis/ and meiosis. In this study, we establish the Suv39h M-I, most Suv39h dn spermatocytes revealed bivalents HMTases as important chromatin regulators for mouse with wt-like morphology, indicating that chromosome development and provide in vivo evidence that H3-K9 condensation and chiasmata formation was unpermethylation at pericentric heterochromatin is required turbed (but see Figures 7B-7D, below) . However, at to protect genome stability in a mammalian organism. M-II, ‫%41ف‬ of secondary spermatocytes were tetraploid, indicating segregation failure of all bivalents Specificity and Redundancy of H3-K9 Methylation during the first meiotic division (Figures 6I and 6K) .
Single gene disruptions for either Suv39h1 or Suv39h2 Therefore, the Suv39h-induced defects at pericentric do not appear to affect viability and fertility of mutant heterochromatin persist throughout the first meiotic divimice. By contrast, combined disruption of both genes in sion and do not appear to be "rescued" by the additional Suv39h double null (dn) mice results in severly impaired H3-K9 methylation that occurs during mid-to late meidevelopment, with only one third of Suv39h dn mice surviving to adulthood. In addition, Suv39h dn mice are otic prophase (see Figure 5B) . H3-K9 methylation is specifically reduced at the preleptotene stage but, surprisingly, appears as wild-type 6). Moreover, Suv39h-deficient mice display a specifically increased risk for late-onset B cell lymphomas that staining during later meiotic stages (see Figure 5B , bottom panel). Thus, by analogy to the perturbed chromoalso develop upon reduced Suv39h1 gene dosage (see Table 1 and Figure 3B ). The Suv39h-mediated genomic some associations in somatic cells, we propose that impairment of pericentric H3-K9 methylation at the oninstability only affects a subpopulation of cells and does not appear to trigger pronounced apoptosis (see Figure  set of meiosis may induce aberrant centromere clustering and random interactions that can not be resolved by 2B and data not shown).
Based on our results, we propose that Suv39h-depenthe hypothetical activity of additional H3-K9 HMTases during pachytene. In Suv39h-deficient spermatocytes, dent H3-K9 methylation is important for maintaining a stringent higher-order structure at pericentric heteromeiotic chromosomes could be compromised in their ability to move more freely during the homolog search chromatin, which is required to protect genomic stabil- Metaphase spreads of spermatogonia and spermatocytes were CA) was used to select against random integration and was inserted prepared from isolated seminiferous tubule fragments which had 3Ј of the long arms of homology.
been hypotonically swollen with 1% sodium citrate for 10 min at RT G418-resistant embryonic stem cell (R1 and E14.1) colonies were and fixed O/N at 4ЊC with Carnoy's solution (75% methanol, 25% screened for homologous recombination by nested PCR using primacetic acid). After incubation of seminiferous fragments in 60% aceers external to the short arms of Suv39h1 (PCR1: 5Ј-ATGGGGGCAG tic acid for 2 min, a single cell suspension was generated by re-GGTTTTCGGGTAGAC, PCR2: 5Ј-AAATGGTATTTGCAGGCCACTTC peated pipetting, transferred onto a pre-heated (60ЊC) glass slide, TTG) or of Suv39h2 (PCR1: 5Ј-GAAAAGGTTGTTCTCCAGCTC, and cells were spread by mechanical shearing with a glass hockey PCR2: 5Ј-GGATGGGATGGTGGAATGGTTTTTAT) and primers within stick. the lacZ gene (lacZ-PCR1: 5Ј-AACCCGTCGGATTCTCCGTGGG The karyotype of XO females and XXY males was determined by AAC, lacZ-PCR2: 5Ј-CTCAGGAAGATCGCACTCCAGCC). Successfluorescent in situ hybridization using X and Y chromosome painting ful targeting was confirmed by Southern blot analysis of PvuIIprobes (Cambio) on metaphase spreads that had been prepared digested ES cell DNA with an ‫005ف‬ bp external Suv39h1 intron from peripheral lymphocytes after a three day stimulation with LPS probe, or of HindIII-digested ES cell DNA with an ‫005ف‬ bp external and concavalin A. Suv39h2 exon/intron probe.
All mice described in this study were maintained on a mixed genetic background of 129/Sv and C57Bl/6J origin. Protein blot ., 2001 ). Bound antibodies were eluted with 100 mM glycine pH 2.5 and neutralized with 1/10 vol. of 2 M Hepes center) for ␣-acH4-K12 antibodies, and Robin Allshire (MRC, Edinburgh) for communicating unpublished results. We also thank Peter pH 7.9. The methyl-specificity of the antibodies was confirmed on slotblots presenting unmodified or K9-dimethylated histone H3 pepde Boer (Wageningen University, the Netherlands), Dieter Schweizer and an anonymous reviewer for helpful comments on the manutides. The affinity-purified ␣-4x-methH3-K9 antibodies (concentration Ϸ 0.6 mg/ml) detect H3-K9 methylation in a wide variety of script. This work was supported by the IMP through Boehringer Ingelheim and by grants from by the Austrian Research Promotion species (D. Schweizer, unpublished) and can be used at 1:1,000 dilution for protein blot analysis or at 1:1,000 to 1: 5,000 dilutions Fund and the Vienna Economy Promotion Fund to T.J., and by the Deutsche Forschungsgemeinschaft (grant number DFG #350/8-3) for indirect immunofluorescence.
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